I. INTRODUCTION
The remarkable optoelectronic properties of organohalidelead perovskite materials show resilience to defects and grain boundaries and hold tremendous promise for low-cost solar cells and next-generation PV. They exhibit efficient photoinduced carrier generation, long carrier lifetimes, high carrier mobilities and internal quantum efficiencies while absorbing strongly over a broad region of the solar spectrum. This optoelectronic resilience enables high conversion efficiencies to be achieved from materials deposited by a wide variety of fabrication techniques, many of which satisfy the requirements for low cost cell manufacturing. Solution-based methods such as spin-coating, slot-die coating, and blade coating are compatible with cheap, plastic substrates in ambient conditions and are paths towards large-scale manufacturability. However, little is known about the mechanical properties of these perovskite materials and the influence of these same defects and grain boundaries on thermomechanical reliability.
While concerns over the chemical stability, moisture sensitivity and toxicity of perovskite cells are being addressed, the thermomechanical properties that impact both the manufacturability and reliability of these cells in field exposures remain low and largely unknown. We have investigated the adhesive and cohesive fracture resistance (Gc) of a wide range of perovskite solar cells sourced through collaborations from across the world. Among all cells studied, the resistance to fracture observed was so low (Gc < 1.5 J/m2), that it would prohibit the success of perovskite solar cells as a viable solar technology. These values are significantly lower than organic solar cells (~5-15 J/m2) generally recognized to be thermomechanically fragile and competing CIGS (~10 J/m2) and c-Si cells (~10-200 J/m2). For the promises of perovskite photovoltaics to be realized, advances in the understanding of their thermomechanical properties along with the development of materials strategies to address mechanical instabilities are needed. In this study, the fracture resistance of perovskites and constituent cell layers are characterized. Our goal is also to provide the field with a much needed metric by which progress in the improvements of the mechanical properties of perovskite solar cells can be evaluated.
II. ADHESION AND COHESION OF PEROVSKITES
The fracture resistance from a wide range of perovskite solar cells is plotted as a function of PCE in Figure 1 . The results show extremely low Gc values (<1.5 J/m2) and mechanical fragility inherent in current generation cells. Charge transport layers currently represent one of the most fragile elements. The PCBM electron transport layer is the weakest in large-grain planar cells and acetate cells, fracturing at 0.21 J/m2 and 0.12 J/m2 respectively. The hole transport layer is the weakest in mesoporous cells, fracturing in the PTAA layer at 0.17 J/m2 or in the Spiro-OMeTAD layer at 0.42 J/m2 depending on which material is used.
Analyzing the debond path of perovskite cells indicate two points of failure for perovskite cells, the adhesion of charge transporting materials (in the case of the planar, slot-die coated perovskite device) and the cohesive failure of these auxiliary charge transporting materials (in the case of all other devices). More robust charge transport layers or replacements must be developed that are not mechanically fragile, hydroscopic, corrosive, or susceptible to delamination from perovskite surfaces. Currently, the most efficient perovskite solar cells utilize organic layers to mediate carrier extraction and charge transport. This places perovskite cells in a similar realm as organic-bulk heterojunction solar cells noted above, which, when subjected to thermomechanical analysis, both delaminated readily and exhibited poor layer cohesion. We have developed a novel, styrene functionalized fullerene derivative, MPMIC60, as a PCBM and C60 replacement that increased device cohesion by 500% in inverted cells, as shown in Figure 1 and is detailed elsewhere.
Isolated perovskite layers were fabricated with the same variety of perovskite materials (including planar, mesoporous, spin-coated, slot-die coated, and roll-to-roll printed active layers). The measured cohesion of the various perovskites is shown in Figure 2 . The Gc values range from 0.24 J/m2 for mesoporous films to 1.48 J/m2 for one of the conditions for planar, large-grain films, which shows in all cases that perovskites themselves suffer from serious mechanical instabilities. This result is not surprising based on the brittle, salt-like crystal structure of perovskite that exhibits similar fracture resistance to salts such as NaCl, which has a Gc ranging from 0.6-1.8 J/m2.
Gc also increased with larger perovskite crystal grain sizes ( Figure 2 ). Grain boundaries act as defects that allow for the crack tip to propagate with less resistance. It is well known for other crystalline materials such as silicon that defect-laden grain boundaries decrease cohesion. By increasing the grain size in perovskites from ~500 nm to >10 um, a sixfold increase in Gc was observed from 0.24 J/m2 to 1.48 J/m2. For the large-grain perovskites, certain processing conditions such as the substrate temperature during film formation and the precursor ratio decreased Gc to below 0.80 J/m2. This decrease in cohesion was observed for lower substrate temperatures and MACl/PbI2 ratios, both of which were shown to form smaller perovskite grains, a rougher morphology, and lower-quality perovskite films. As a result, one way to increase perovskite mechanical stability is through grain boundary engineering and to control fabrication conditions such that grain size is maximized.
III. CONCLUSION
Perovskite solar cells and isolated perovskite films have low thermomechanical properties and extreme mechanical fragility in the presence of applied loads. The organic charge transport layers composing many of the highest efficiency cells are the primary source of instability, responsible for the low Gc measured for high PCE devices. Perovskite optoelectronic properties are surprisingly resilient to defects, yet defect-laden samples with an increased number of grain boundaries allow for crack propagation at low fracture resistances. In general, however, factors degrading optoelectronic properties were found to have a similar effect on Gc. This work analyzes various factors affecting perovskite mechanical integrity and suggests specific processing conditions to increase cohesion and reliability. Designing thermomechanically robust perovskite cells with longer operational lifetimes is essential for commercialization and long-term feasibility of the technology.
